Abstract
iNTRODUCTiON
Understanding fluctuations in fluctuating reproductive success of key populations may constitute a major challenge in ecology (Ranta et al. 2006; Silvertown 1980 ) but may also be important from a conservation and management standpoint (Yrjölä 2002) . Many populations show strong annual fluctuations in reproductive output, which may follow a regular pattern such as those caused by predator-prey cycles (e.g. Ranta et al. 2006) . A classic example of major fluctuations in reproductive output is the masting of tree species and the numerical responses shown by the seed eating species that show eruptive behaviour when exploiting them as a food source (Kelly 1994; Newton 2008) . Among tree species, synchronous alternate seed production (i.e. 2-year reproductive cycle) is well described (Herrera et al. 1998; Koenig and Knops 2000) , but intervals between masting years can also be highly irregular (Silvertown 1980) . Understanding (and being able to predict) the spatio-temporal dynamics of such boomand-bust seeding is an essential prerequisite for timing forest management to promote natural regeneration and for the planning and implementation of seed collection (Allen 1941; Broome et al. 2007; Greene and Johnson 2004; Leikola et al. 1982; Pukkala et al. 2010) . Furthermore, abundant flowering of certain tree species (such as birches Betula spp.) can cause human allergic symptoms elevating healthcare costs (Ranta et al. 2005) .
Several North American and European tree species have been shown to exhibit intraspecific spatial and temporal synchrony (Koenig and Knops 1998; Ranta et al. 2008) . This synchrony persists within the same species at sites up to 1000 km distant from each other (Koenig and Knops 1998) . However, it is not well known how common and to what extent interspecific synchrony occurs among masting tree species, and if such synchrony exists, what general factors such as climate drive the synchrony. Recently, Meller et al. (2016) have shown that three tree species, coniferous Norway spruce Picea abies (L.) H.Karst., fleshy fruited deciduous rowanberry Sorbus aucuparia and combined deciduous birch species Betula ssp. showed significant positive synchrony in seed production in Finland, although the causal factors for such synchrony remain unknown.
Because the strength of the masting habit is associated with pre-dispersal seed mortality (Silvertown 1980) , it has been suggested this trait is most developed in predator-prone tree species. Although the species involved may benefit from the effects of predator swamping in mast years, there remains a need to explain the source of the spatial and temporal synchrony (Schnurr et al. 2002) . The most important factors likely to influence the annual variation in seed production are the internal anatomical, physiological and genetic characteristics of the trees and the influence on these processes resulting from environmental conditions, such as weather conditions, especially temperature and water availability that are likely to affect flower initiation and growth rate. However, flowering in itself can have an effect on subsequent reproductive investment. In the case of the Norway spruce, abundant flowering and the presence of cones in a given season reduces the initiation of potential new flower bud sites in the following year (Pukkala et al. 2010; Tjoelker et al. 2007) , because female flowers always develop at the top of the previous year's shoot. Physiologically, abundant flowering in a particular year can reduce flowering in the subsequent season because of resource depletion. In general, abundant cone crops in Norway spruce are not observed in two consecutive years even though when environmental conditions are suitable for flower induction (Chalupka and Giertych 1973) . In an evolutionary context, prolific flowering in several consecutive years could be seen as a suboptimal strategy because pests and diseases specializing in seed and berry predation would quickly multiply and destroy much of the seed in years subsequent to the initial productive seed year (e.g. Pukkala et al. 2010; Tillman-Sutela et al. 2004) .
Several earlier studies have shown that climatic variables significantly affect seed production of perennial tree species (Broome et al. 2007; Kelly 1994; Kelly and Sork 2002; Kelly et al. 2013; Koenig and Knops 2000,) . Effects of weather variables are not necessarily direct but are often evident with time lags (Kelly et al. 2013; Krebs et al. 2012; Moreira et al. 2015) . For instance, in Norway spruce, climatic factors are likely to influence reproductive development in two discrete periods: prior to strobili initiation and during flower and cone development. The period of strobili initiation appears more sensitive to weather influence than the later period (Tjoelker et al. 2007 ). Many studies show that warm, dry summers are significantly correlated with seed abundance in the following year (e.g. Matthews 1963; Tirén 1935) . The same climatic variable may have either positive or negative impact depending on how many years is the time lag. Summer temperature year before can have positive effect, but temperature of the same period 2 years before can have opposite impact in masting species. The positive effect is driven by the temperature-increased inception of male primordial for the following spring as male inflorescences start to develop in the summer (Ranta et al. 2005) . The negative impact is caused by resource allocation. It is assumed that induction of catkin development is controlled by the amount of resources produced during summer through photosynthesis, together with resources that are allocated to reproduction of the Year t. In other words, if the plant has had a good reproduction in Year t−1 due to high summer temperature in Year t−2, it has low resources to reproduce in Year t. This is because in Year t−1 resources have been allocated for growing seeds and not for inception of male primordial (Kelly et al. 2013; Masaka and Maguchi 2001) .
The aim of this article is to analyse the strength of the spatial and interspecific synchrony in crop size of four masting species and to test whether measured weather factors that are predicted to affect flowering and seeding could explain the annual variation in seed production in Finland. We first studied temporal synchrony based on the seed production from different stands of the same species to determine how strong and at what spatial scale this synchrony can be detected. Second, we investigated how strongly the crop sizes of the four species are correlated to understand the degree of interspecific synchrony. Third, to better understand the mechanism and the extent of the synchrony, we investigated how certain weather variables affect seed production in four different tree species. Within this framework, we investigated five hypothesis relating to the effects of weather variables: (i) Warm and dry spring weather in May of the production year increases seed production, because under these conditions, pollination should be improved. Cold weather can expose the plants to frost damage (Eriksson et al. 1973; Sarvas 1968 ) and reduce aerial pollinator activity (Tuell and Isaacs 2010) . In addition, we hypothesized that May weather conditions could have the opposite effect in the year before, because of resource dependent feedback (which ensures no two good production years occur in a row). On the other hand, the same May variables 2 years before may improve the situation, for the same reason (enhanced seed production in Year t−2 leading to lowseed production in Year t−1; Kelly et al. 2013 ). (ii) Summer temperatures during June, July and August in the year before would increase seed production, as increased temperature increases the development of flower primordials, which would flower in Year t (Brøndbo 1970; Eis 1973; La Bastide and van Vredenburch 1970; Pukkala et al. 2010) . Furthermore, we expect that the effect of summer temperature would be negative in the crop Year t as the trees face trade-offs between investing in growing crop of the Year t and their future reproductive investment (increasing the number of catkins which requires also resources). The effect of the summer temperatures would be also negative 2 years before (Year t−2) because increased temperatures then would have stimulated increased production in Year t−1, which would cause reduction in the resources for reproduction in Year t (Kelly et al. 2013 ). (iii) If tree seed production are water limited increased summer precipitation numbers would increase seed production in Year t (Fernández-Martinez et al. 2015; Kasprzyk et al. 2014; Peréz-Ramós et al. 2015) , but rain can have negative effect on the year before and a positive effect on 2 years before. Alternatively, rainy weather can mean that there weather is also less sunny, which can likely adversely affect the development of the catkins (Ranta et al. 2005) . Therefore, we would also expect positive effect in Year t and t−2 but negative in Year t−1. (iv) Based on earlier studies (e.g. Krebs et al. 2012) , we expect that temperature has stronger impact on variation on crop than precipitation.
Finally, we investigated the scale of spatial autocorrelation in the most important weather variables, which can help to understand the extent of the spatial synchrony in tree species.
MATERiALS AND METHODS

Crop and weather data
We used data of four masting tree species, one conifer (Norway spruce, hereafter spruce) and three deciduous species: silver birch, downy birch and rowanberry S. aucuparia L. These are the only common tree species that have been monitored for a long time in Finland, which are known to show masting years (Hokkanen 2000; Koski and Tallqvist 1978) . Although data have been collected in Finland from Scot's pine Pinus sylvestris L., this species shows very stable annual seed production, which shows no correlation with spruce (Lindén et al. 2011) . The data of spruce and birch species were provided by the Natural Resources Institute Finland collected in survey forests around in Finland. The rowanberry data were collected by birdwatchers, who have participated the Finnish winter bird counts. The survey areas of each tree species are shown in Fig. 1a and b. For spruce, 87 observation stands were used for counting the cones of the spruces during 1979-2014 using a standardized method (Hokkanen 2000) . The stands where the surveys have been conducted have been selected so that they would be suitable for long-term monitoring of the crops (e.g. no young or injured trees or trees that will be harvested). In each stand, the number of cones of 50 trees (same trees every year) were visually estimated with binoculars in the same tree individuals from year to year, and trees were classified into seven groups according to the abundance of cones (I: no cones, II: 1-20 cones, III: 21-50 cones, IV: 51-100 cones, V: 101-200 cones, VI: 201-500 cones and VII: more than 500 cones; Linden et al. 2011) . This information was combined as stand-specific crop values (mean number of cones per tree).
Among birch species, the crop was monitored on 30 to 50 survey trees in 50 stands for silver birch and 29 for downy birch during 1979-2014 (Fig. 1a) . The trees used were adults growing in places where the conditions represent the regional climate and the sampling was conducted using a standardized protocol (Hokkanen 2000) . The numbers of male catkins were visually estimated with binoculars in autumn or winter, in the same tree individual from year to year, and the trees were classified into six groups according to the abundance of aments (I: no catkins, II: 1-20, III: 21-200, IV: 201-1000, V: 1001-5000 and VI: over 5000 catkins per tree; Ranta et al. 2008) . This information was combined as stand-specific crop values (mean number of aments per tree). Note that in the birch species, these measures do not monitor the production of seeds, but the amount of potential flowers the following spring, which is known to strongly correlate with the seed production (Koski and Tallqvist 1978) .
The abundance of rowanberries have been counted in early autumn by volunteer birdwatchers who participated in annual winter bird counts in the Years 1986-2014. We selected only those 248 sites where the seed production has been determined for at least 15 years. The number of berries were visually estimated, and trees were classified into a scale of seven categories similar to a logarithmic scale: (0: no data, 1: no berries, 2: very few, 3: little, 4: moderate, 5: abundant and 6: very abundant; Koskimies and Väisänen 1991) . In all crop statistics sites, there were often observation gaps with missing years. On average, 46 (min 23-max 68), 29 (17-42), 16 (6-20) and 176 (89-215) sites were annually surveyed for spruce, silver and downy birch and rowan berry, respectively.
Weather data were obtained by the Finnish Meteorological Institute covering the whole of Finland in a 10-km accuracy from Year 1977 to Year 2014 for birch species and spruce, and from Year 1986 to Year 2014 for rowanberries. We calculated the monthly average late spring and summer temperatures and rainfall (from May until August) for each study site in each year.
Statistical analyses
We investigated the spatial synchrony in the intraspecific seed production of species by determining the degree of correlation between seed production in different sites and the distance between these sites, i.e. do nearby sites have a stronger synchrony in seed production than sites further away. This could be done by cross-correlating seed production at all sites and their distances (correlation between Site 1 and 2, correlation between Site 1 and 3, …). However, in such analyses, the same site is represented multiple times, which can cause problems of pseudo-replication. Therefore, we conducted the analyses so that the slope between temporal synchrony in seed production of two sites and the distance was calculated using each site only once. The connection between seed production synchrony and distance was measured using linear regression. We chose only sites where crop statistics had been collected during more than 10 simultaneous years by random selection of sites. We bootstrapped the analyses a 1000 times to calculate the average intercept and slope as well their standard errors. In spruce, silver and downy birch and rowan berry the analyses included on average comparison of 25, 11, 8 and 15 site pairs, respectively.
To study the interspecific synchrony of the species, we combined the seed production statistics of each species into a single countrywide index. Since all the sites have not been surveyed every year, the data included some missing counts, so we combined the annual monitoring values in the programme TRIM (TRends and Indices for Monitoring data; Pannekoek and van Strien 2005) , which has been commonly used in bird monitoring studies in Europe (e.g. Jørgensen et al. 2016 and references therein). The software estimates the long-term trends and annual abundance values, and we calculated these for each tree species. The programme fits Poisson generalized linear regression models, taking into account overdispersion but allow for missing survey counts in the data. We used the annual indices provided by the TRIM to examine the temporal synchrony between species. Before the correlation analyses, we log-transformed spruce and birch indices, since the crop statistics of rowanberry were already in form that resembles a logarithmic scale (see earlier). In addition, we detrended all time series to exclude the impact of potential long-term trends in the data. We cross-correlated time series of all four tree species using Spearman rank correlation.
We investigated the impacts of weather variables using linear mixed-effect models. In spruce and birch species, we log-transformed the seed production before the analysis (Ln (seed + 1)). In rowanberry, seed production estimates were already in categories that resembled a logarithmic scale. We performed analyses for each species separately. We explained the seed production in Year t using spring (May) and summer (June-August) mean temperatures and sum of rainfall in Year t, t−1 and t−2 in spruce and rowanberry, because in these species the crop statistics are based on counts conducted in late summer in Year t. In case of birch species, we investigated the impact of weather variables only in Year t−1 and t−2, because the crop statistics were collected in the end of Year t−1 based on the number of male catkins (see earlier). We included to the model also the seed production of species in the year before to account for negative feedback from previous reproductive effort and year as a linear variable to account for potential temporal trends in the data sets. We used year and monitoring site as random factors, as these were repeated measures in the data set. We also included an interaction between seed production in the year before and site as a random factor, which allows for the fact that the impact of the negative feedback of the previous reproduction effort can be site dependent (some sites can have higher crops than others).
To support the four above-mentioned hypotheses, we conducted the analyses using model selection framework (Burnham and Anderson 2002) , grouping temperature and rainfall variables. In species-specific analyses, the model selection included 11 models including the null model (fixed and random intercepts only). The model comparisons are shown in supplementary Tables S1 to S4. We did not consider more complex models within 2 AIC values that were otherwise similar than the simplest top model, but included uninformative parameter(s) sensu Arnold (2010) .There was no strong multicollinearity between weather variables (all variance inflation factor (VIF) < 1.6; using the criteria of VIF < 10, Kutner et al. 2004 ; see also Table 1 ). Because of the large number of variables in testing, we used sequential Bonferroni corrections (Rice 1989 ) to adjust the P values. All analyses were conducted using MATLAB (R2014b).
Finally, to understand the extent of the potential spatiotemporal synchrony in seed production, we investigated how strongly spring and summer temperatures are spatially autocorrelated using the Climate Explorer web tool of the Dutch Royal Meteorological Institute (KNMI). We calculated monthly mean temperatures in May and June from the mean location of the crop monitoring sites (62°15′N 24°58′ E) during 1979-2014 and correlated these values with the corresponding monthly temperatures across Europe in 0.5° grids.
RESULTS
Spruce showed high levels of spatial synchrony, with a bootstrapped intercept of 0.924 ± 0.064 SE, suggesting that the crops of nearby sites were very strong correlated. The negative slope of distance differed significantly from 0: −0.00075 ± 0.00020 SE (Table 2) , which suggested that correlation between sites decreases significantly with distance. According to the model parameters, the strength of the correlations in the annual variation of the seed production would be 0.55 and 0.17 between sites that are 500 and 1000 km apart, respectively (Table 2) . Similar significant slopes were found in downy birch and rowanberry (Table 2 ), but in silver birch, the pattern was not less clear. In this species, the intercept differed significantly from both 0 and 1, and the slope was not significant, although the magnitude and the direction was similar to those of other species (Table 2) .
According to TRIM analyses, the seed production of both birch species declined in the study period (−0.021 ± 0.0052 SE and −0.023 ± 0.0052 SE for silver and downy birch, respectively), whereas rowanberry production increased (0.0031 ± 0.004 SE). There was no trend in seed production of spruce (0.0016 ± 0.0073 SE). All four species showed large fluctuations in their seed production ( Fig. 2a and b) . The annual log-transformed and detrended crop indices of all four species were significantly correlated but were strongest between birch species and the weakest between rowanberry and silver birch (Table 3) .
The best ranked species-specific models incorporating weather parameters performed much better than fixed and random intercepts only models (supplementary Tables S1 to S4). According to the weather variables in the best fit models, temperature in May increased seed production in Year t (spruce and rowanberry) and in Year t−2 (rowanberry and downy birch) but decreased crop size in Year t−1 (spruce and rowanberry; Tables 4 and 5 ). In addition, in rowanberry increased precipitation in Year t decreased seed production (Table 4) . These all support our first weather hypothesis, namely that warm and dry springs increase seed production. Furthermore, also according to our second hypothesis, summer temperature had positive impact on Year t−1 (all species) but negative in Year t (spruce) and t−2 (spruce, rowanberry; Tables 4 Table 1 : cross-correlation values (Pearson correlation coefficients) of weather variables (Tspr = spring temperature, Tsum = summer temperature, Rspr = spring precipitation, Rsum = summer precipitation) used in models explaining the annual variation in the seed production of tree species In addition, the strength of the correlation between stands that are situated 500 and 1000 km apart based on species-specific model fit.
and 5). In rowanberry, summer rain decreased seed production in Year t, whereas in silver birch summer rain in Year t−1 decreased seed production (Tables 4 and 5) . Finally, May and June temperatures from the central point of the study sites were strongly correlated within those at large spatial scales across Northern Europe. The correlation started to reduce at a distance of ~800-1000 km (supplementary Figs S1 and S2).
DiSCUSSiON
Our findings showed that all four tree species showed largescale spatio-temporal intra-and interspecific synchrony in the annual variation of seed production (see also Meller et al. 2016) . Importantly, this synchrony was influenced by the same weather variables within three consecutive years. Earlier studies showed that summer temperatures in Year t−1 and t−2 before can influence the seed production in Year t, because this can affect the resource allocation to flower primordials (Kasprzyk et al. 2014; Kelly et al. 2013; Krebs et al. 2012) . However, our findings showed that weather conditions during the year of seed production are also important.
Low temperatures are rather common in spring in the boreal zone and cold weather, especially frost, can hamper flowering significantly (Eriksson et al. 1973; Sarvas 1968) . Furthermore, increased summer temperature can also cause trade-off between the investment in current production of seed or in the development of flower primordials for the reproductive investment in the next year (a negative feedback already demonstrated in spruce; Pukkala et al. 2010; Tjoelker et al. 2007 ). The results supported our hypothesis that May and summer temperatures had opposite lag effects (Kelly et al. 2013) . Increased May temperature a year before hampered seed production, as this would have lead into high flowering success in Year t−1, which would have limited the resources for the Year t. Because of the same reasons, increased May temperature in Year t−2 enhanced also seed production in Year t. The effect of temperature was opposite during summer: increased temperature in Year t−1 enhanced seed production in Year t, likely due to improved development of flower primordials. The effect of the summer temperature in Year t−2 had the opposite effect, because this would have enhanced seed production in Year t−1 leading to low resources for crop in Year t (Kelly et al. 2013) .
As expected, the effects of precipitation were less (and rather contradictory) compared with temperature. In rowanberry, May rainfall in Year t adversely affected seed production, likely because rainy May weather can hamper pollination success (Tuell and Isaacs 2010) , important especially for rowanberries. Increased June rainfall is associated with more overcast conditions that can hamper photosynthesis and limit resources (but note that rainy weather does not mean that it is necessarily cold ; Brøndbo 1970; La Bastide and van Vredenburch 1970) . Nevertheless, because models incorporating precipitation variables were much less often selected than those with temperature variables, it seems likely that seed production of the studied tree species is not All the correlations were significant (P < 0.013, sequential Bonferroni correction). normally water limited under normal conditions, unlike species in much drier environments (Fernández-Martinez et al. 2015) . Although there is interspecific synchrony in seed production, there is also species-specific variation, which could be due to stochastic factors and species-specific differences in the ways that weather influence seed production (although the main mechanisms are likely similar). Importantly, our spatio-temporal seed production and temperature synchrony analyses showed that correlations are starting to disappear at a scale of 1000 km and more, which underlines the fact that climatic factors are the drivers of the intra-and interspecific synchrony in seed production of species. Seed production statistics from these four tree species in Finland could be thus used as a general assessment of seed production across larger areas of Northern Europe, although from the literature, it seems likely that the situation further east and south may be very different. For instance, in the southern part of the range, temporal correlation in the seed production of individual rowan trees from the same site in Iberia was not so high (~60%; Munilla and Guitián 2014) . Herrera et al. (1998) conclude that in many species the pattern of seed production exhibit a marked trend towards Acronyms of the variables are Y = year, C t−1 = crop year before, Tspr t and Rsum t−1 are temperature of May in year t and summer precipitation year t-1, respectively. The boldface parameter estimates were significant after sequential Bonferroni correction. bimodality, with prevalence of either high or low reproduction years and a scarcity of intermediate ones. Our results support this conclusion, especially concerning Norway spruce and rowanberry, but also, to a considerable extent, the birch species. In contrast, the annual variation in production of seed by Scots pine is much smaller, and there are no years of total seed crop failure as in the case of many mast seeding species (Hokkanen 2000; Lindén et al. 2011) . From a climate change point of view, the negative feedback from the lagged effects of varying reproductive investment ensure that there are unlikely to be continuous years of high seed production but instead creates a series of fluctuating output. However, one could expect that in our study area, extreme weather events could increase the magnitude of the peaks in seed production. However, there is also a risk that due to asymmetric climate change warming, early spring will advance the timing of flowering (e.g. Parmesan 2006) , while temperatures during flowering may be stable or even fall, because late spring temperatures have not increased at the same rate as early spring temperatures. Colder flowering conditions could reduce the rate and efficiency of flower development and inhibit pollinator activity, leading to reduced seed production. Similar mismatches have been found in other systems, where asymmetric climate change have led into reduced breeding success in birds (e.g. Lehikoinen et al. 2009; Ludwig et al. 2006) . As seed production in both birch species has been decreasing during the study period, it is important to investigate the causes of these declines.
Our findings highlight the fact that annual variation of seed production of several common masting tree species are spatio-temporally synchronous and driven by the same weather variables, especially May and summer temperatures, which also show a similar magnitude spatial synchrony. These findings have important consequences at higher trophic levels (Crone and Rapp 2014) , because they are likely to contribute to fluctuations in animal populations that are in some way reliant on these patterns of seed production (Schnurr et al. 2002; Selås et al. 2001) . For instance, populations of animals fluctuate over time according with the seed production of trees and migratory behaviour of several bird species is strongly influenced by the masting events (e.g. Fox et al. 2009; Koenig and Knops 2001; Lindén et al. 2011; Lithner and Jönson 2002; Petty et al. 1995; Tyrväinen 1975; ) . As the main important masting tree species in the northern boreal zone have synchronous masting years, it means that even generalist frugivorous and seed-eating species have very little to feed on during crop failure years, with the result that species with totally different diets can show synchronous irruption years (Koenig 2001 
